ABSTRACT: The North Sea shallow waters of the eastern English Channel are recurrently affected by the high algal spring bloom of the Prymnesiophyte Phaeocystis spp. When the bloom has run its course, foam accumulations resulting from the release of mucilaginous polysaccharides can be observed both on the sea surface and on beaches. Four beach sites, 2 that were affected and 2 that were not, were sampled from April to December 2001 and from April to August 2001 respectively. The physical and chemical conditions of the sediment, as well as the macrofauna associated with it, were assessed in the Canche Bay before, during and after the phytodetritus sedimentation period. Phaeocystis spp.-derived material significantly changed the grain-size distribution in accumulation areas as shown by the resulting fine-particle input (> 60%) observed. Due to the rapid decomposition of decaying colonies, organic content increased in the sediments towards the end of the bloom, marked by a single peak on sands or strong, persistent enrichment on muds. As a result of this increase in organic matter, oxygen flux increased over time. In the low-energy silty environment, severe anoxic conditions rapidly occurred whereas on areas subject to tidal or wind-induced turbulence, superficial residual crusts resulting from drying foam prevented oxygen diffusion into sandy sediment. At the impacted sites, all macrobenthic taxa were affected, and both the number of species and their densities were simultaneously reduced. Sandy assemblages showed a better recovery, starting in July, due to more suitable environmental conditions, while on muddy assemblages full recovery had still not occurred by the end of the year. Spring recruit mortality was partly responsible for the lack of faunal recovery, which was mainly dependant on the migration of adults from the surrounding area.
INTRODUCTION
In the eastern English Channel and the Southern Bight of the North Sea, high biomass algal blooms (over 20 µg chl a ml -1 ) are recurrent spring events. Blooms are composed primarily of strains of the Prymnesiophycae Phaeocystis spp., but diatoms are also present (Adams 1987 , Reid et al. 1990 , Tett & Mills 1991 , Boon et al. 1998 . The information currently available would seem to indicate that the Phaeocystis spp. complex in the eastern English Channel-North Sea coastal waters includes both the dominant nontoxic alga Phaeocystis globosa (Baumann et al. 1994) and the toxic alga P. pouchetti (Lancelot et al. 1987) . However, differences between the 2 species are still ill defined, and the existence of 2 species remains uncertain (Baumann et al. 1994) . One of the characteristic features of Phaeocystis spp. blooms is the production of large amounts of mucoid colonial material, representing up to 90% of total algal biomass (Rousseau et al. 1990 ). Historical and contemporary records indicate that Phaeocystis spp. colony blooms are closely related to changes in land use and/or hydraulic and waste management systems that, over the last century, have increased the presence of nitrates in the coastal area (Lancelot 1995) . Harmful events have been linked to the gelatinous nature of the Phaeocystis spp. colony matrix, which releases mucilaginous polysaccharides after disrupting senescent colonies. At the end of the spring bloom, massive sedimentation takes place, with sedimentation rates > 800 mg C m -2 d -1 being reported in the Barents Sea (Wassmann et al. 1990 ). In intertidal areas, a spectacular consequence of the post-bloom sedimentation is the formation of large amounts of foam on the beaches (Lancelot et al. 1987 , Lancelot 1995 . Two to 3 wk after the Phaeocystis spp. bloom, massive phytodetritus deposits and associated organic material inputs result in large numbers of dead benthic or other moribund organisms in intertidal depositional areas (N. Desroy pers. obs.). Although the ecological effects of Phaeocystis spp. on the pelagic food web have been relatively well studied, the impact of this increase in organic matter on the intertidal fauna and on the benthic food web has received only incidental interest (Weisse et al. 1994) . Sedimentation can cause changes in (1) the physical environment at the sediment-water interface by modifying the sediment characteristics (Wassmann 1994) , (2) the microbiology and chemistry of the underlying sediments by inducing benthic anoxia problems through the remineralization of sedimented phytodetritus-derived organic matter (Graf et al. 1983 , Wassman et al. 1996 , Boon et al. 1998 , 1999 , and (3) benthic fauna (Boon et al. 1998) .
The aim of this paper is to describe the impact of phytodetritus post-bloom sedimentation (comprised mainly of the decaying remains of Phaeocystis spp. colonies) on the intertidal benthic habitat and macrofauna in the Canche Bay, situated on the French coast of the eastern English Channel. As the greatest proportion of organic matter is likely to sediment out in accumulating areas, sediment characteristics are important variables in an evaluation of the possible impact of sedimentation. For this reason, standard physical parameters (granulometry, pigment concentration and sedimentary organic matter content) were measured, as were certain biological parameters (macrofauna). Given that the extent of areas exhibiting oxic and anoxic degradation provides indications of biogeochemical changes (Smetacek et al. 1991 , Justic et al. 1994 , oxygen profiles were also measured to emphasize the mineralization processes in superficial sediments.
MATERIALS AND METHODS
Study site and sampling strategy. The Canche Bay, whose intertidal surface covers ca. 630 ha, is situated in the eastern part of the English Channel (Fig. 1) . The average tidal range is ca. 7 m for a spring tide and 3 m for a neap tide. River discharge varies seasonally, from a maximum of 100 m 3 s -1 in winter to a minimum of 60 m 3 s -1 in summer. Previous observations have shown that foam deposits resulting from sedimentation at the end of Phaeocystis spp. blooms are highly variable, both spatially and temporally. However, the north side of the bay is more frequently affected by foam sedimentation than the south side (L. Denis pers. obs.). The resulting sampling strategy integrated 4 intertidal sites that were daily immersed and emerged, 2 situated on either side of the upstream bay. To the north, north sand (NS) was characterized by medium to fine sands and north mud (NM) was characterized by mud; while to the south, south sand (SS) was characterized by muddy fine sands and south mud (SM) by mud (Fig. 1) . The NM and SM sites emerged at high tide (HT) + 2 h, and the NS and SS sites at HT + 3 h. Benthic assemblages at these sites were the Macoma balthica community (Petersen 1913) at Sites NM, SM and SS, and an impoverished form of the Abra alba-Corbula gibba community (Cabioch & Glaçon 1975) , characterized by Donax vittatus and Macoma balthica, at Site NS.
Sampling was performed with the dual purpose of gathering quantitative data concerning the physical and chemical parameters of the sediment as well as the different macrobenthic populations; the sampling periods depended on the parameters under study (Table 1) Sediment samples. Granulometry and organic matter: Two replicate cores of sediment were taken at low tide with a hand corer (7 cm diameter) and were subsequently analyzed at the laboratory. Particle size distribution was assessed (wet sieving) before the foam began accumulating (4 April), during foam accumulation (23 May) and after it stopped (1 October, Table 1 ). Organic matter content was calculated from measurements of weight loss after 6h at 600°C (Luczak et al. 1997) .
Oxygen content: Dissolved oxygen concentrations were measured in 2 sediment samples to take spatial heterogeneity in foam accumulation into account and to limit the time required to realize (manually) microprofiles before oxygen concentration evolved in surficial sediments. Samples were taken using a cylindrical core (2.6 cm diameter) that enclosed a 20 cm long sediment column. A sealing top valve prevented disturbance of the sampled sediment-air interface. Oxygen microprofiles were measured immediately on returning to the laboratory, under minimal light conditions. Dissolved O 2 concentrations were measured with an oxygen microelectrode that had a built-in reference and an internal guard cathode (Revsbech 1989) . The O 2 microsensor had an outer tip diameter of 100 µm and a 95% response time of 5 s. The vertical resolution of the measurements was 50 µm. The position of the sediment-air interface was determined from O 2 microprofiles, using a modified version of the technique developed by Sweerts et al. (1989) , which consists of assigning the interface position to a break in the oxygen concentration gradient. Because our method for measuring dissolved oxygen concentrations is nondestructive, study samples were also used to determine sediment porosity.
The flux was estimated from the oxygen microprofiles using the following formula: ), dC is the estimated concentration gradient just below the sediment-water interface, and z is the depth in the sediment scale positively downward. D s is calculated using the following formula:
, where D m is the molecular diffusion rate at in situ temperature and θ is the sediment tortuosity. D m was calculated according to the formula:
where D 0 is the molecular diffusion rate at 0°C, a is a coefficient relative to the oxygen (Soetaert et al. 1996) and t is the ambient temperature. θ can be calculated from the porosity according to the formula:
where m is an adjustment value depending on sediment granulometry (m = 2 for muddy sands and mud with ϕ < 0.7; Ullman & Aller 1982) . Benthic pigments: Following the bloom and the resulting phytodetritus sedimentation, pigments characterizing Phaeocystis, e.g. 19 '-hexanoyloxyfucoxanthin (Liaan-Jensen 1985 , Adams 1987 , Reid et al. 1990 Boon et al. 1998 , Goffart et al. 2000 are generally too degraded to be detected in the sediment (Boon et al. 1998 -derived material and do not provide evidence of a change in the composition of material reaching the benthos over the sampling season, the concentrations of these pigments were measured at all sites in order to assess the extent of phytodetritic sedimentation. Benthic chl a and phaeopigment concentrations were determined for each sampling date, using 2 sample cores (2.6 cm diameter × 20 cm deep) taken at each site. The top 3 centimeters were sliced and frozen (-25°C) for later analyses. Samples were thawed, and pigments were extracted, using 15 ml of 90% acetone for 4 h in the dark at 8°C. Pigment concentrations were determined before and after acidification, using standard spectrophotometric techniques (Lorenzen 1967) . Biological samples: At each site, 4 replicates for benthos analysis were collected using a 0.027 m 2 hand corer (20 cm depth), which provides a total surface of 1/9 m 2 , 0.1 m 2 constituting the minimal sampling area in the bay (N. Desroy pers. obs.). The collected organisms were sieved through 1 mm mesh, fixed with 10% formalin containing Rose Bengal stain, sorted, identified and counted at the laboratory.
Data analysis. Macroinvertebrate community structure was described at each site and for each sampling date by determining the number of species and their abundance as well as the Shannon-Wiener diversity. The significance of the changes in the sedimentary variables (e.g. granulometry, organic matter content, oxygen flux and pigment content) and in the biological index over the course of the sampling period was tested using a 1-way ANOVA. Prior to completing the ANOVAs, a preliminary test for variance homogeneity (Cochran's test) was conducted in each case, and when necessary, heterogeneity was removed by performing a log (x + 1) transformation.
Significance tests concerning the differences in macrobenthic community descriptors for the different sites and times were performed, using a 2-way ANOVA. Seasonal changes in community composition were visualized through non-metric multidimensional scaling (MDS) plots, based on triangular matrices of the BrayCurtis similarities, by performing a square-root transformation of the species abundance data. The faunal groups contributing to the dissimilarity between samples, observed via MDS ordination, were investigated using the similarity percentages procedure, SIMPER (Clarke & Warwick 1994) , and these results were used to help interpret the faunal changes responsible for the patterns observed in the MDS ordination. The contribution of each species to the average similarity within each group was also analyzed. Finally, the relationships between the sedimentary and biological variables were analyzed separately, using the BIO-ENV procedure developed by Clarke & Warwick (1994) to define the environmental variables (organic matter content, oxygen flux, chl a and phaeopigment contents) that explain assemblage structures. The BIO-ENV procedure (using Spearman's rank correlation method) was used on the untransformed environmental variables and the square root transformations of abundance data for each site. Correlations were calculated only on the data collected from 4 April to 5 July, because the oxygen flux measurements were not measured beyond this date.
RESULTS
Initiated in March, the phytoplanktonic bloom peak was observed in April/May, with values of chl a up to 20 µg ml -1 (Fig. 2 ). In the water column, the numeration of Phaeocystis spp. cells was documented from a minimal monitoring, providing 6 values from February to June. Despite their limited range, data emphasized that reaching a concentration of 30 000 cells ml -1 at the beginning of April, Phaeocystis spp. contributed heavily to this high primary production. When the Phaeocystis spp. bloom ended, large amounts of foam containing fine particles settled on the north side of the bay from the end of April to the middle of June. The presence of numerous decaying colony fragments in the superficial sediments underlined the significant quantities of Phaeocystis spp.-derived material in the phytodetritus accumulations at Sites NM and NS. The difference in bentho-pelagic coupling on the 2 sides of the bay was assessed by the absence of foam accumulation in the southern sites.
Granulometry
The north side of the bay, particularly the mudflat (Site NM), was most affected by foam accumulations. As a result, the granulometric change was obvious at Site NM, where silt-clay fractions increased significantly, e.g. up to 60% (p < 0.05) in the sediment sample of 23 May (Table 2) . At the other sites, changes in granulometric composition were insignificant (p > 0.05).
Organic matter content
As suggested by Fig. 3 , the significantly highest organic matter percentages were consistently measured at Sites NM and SM (month pooled; p < 0.001). One-way ANOVAs indicate significant changes in organic matter over time at Sites NM (p < 0.001) and NS (p < 0.01). An increase in the organic matter content following the accumulation period was observed on 23 May and 5 July at Site NM and on 14 May at Site NS. Values reverted more rapidly to initial levels at Site NS (from 4 June) than at Site NM (from 1 October). A significant change over time was also observed at Site SM (1-way ANOVA, p < 0.01), despite the apparent stability of organic matter content, though no significant changes were apparent at Site SS (p = 0.22).
Oxygen flux
An overall significant difference between the oxygen flux in the muddy and the sandy sediments was observed from April to July (months pooled; p < 0.001), with mean values of 1690 ± 925 (Site NM) and 1527 ± 504 (Site SM) µmol m -2 h -1 and mean values of 356 ± 524 (Site NS) and 495 ± 286 (Site SS) µmol m -2 h -1
, respectively. Although some temporal trends were obvious, ANOVA yielded insignificant differences at each site (p = 0.098, Site NM; p = 0.101, Site NS) due to the heterogeneous replicate values of the measured flux (Fig. 4) .
On the north side of the bay most affected by the foam, the patterns of the changes in oxygen flux varied ), whereas at Site NS, values were highest on 14 and 23 May, as compared to earlier and later dates where no significant oxygen gradients were detected. At Sites SM and SS, insignificant differences (p = 0.582 and 0.094 respectively) were obtained because too few replicates were taken to detect apparent differences shown in Fig. 4 . Fig. 5A shows the changes in average oxygen concentrations (calculated on 2 profiles) in the superficial layers of Site NM from 3 May to 13 June. During this period, the oxygen penetration depth decreased, resulting in enhanced diffusive oxygen flux. At Site NS, superficial residual crusts resulting from drying foam prevented oxygen diffusion in the sandy sediment. Although the top few centimeters were saturated by oxygen as in normal conditions, the sediment showed an oxygen deficit in the top 4 to 5 mm where dried foam existed (Fig. 5B) . Fig. 6A ,B shows the temporal changes in chl a and phaeopigment a m -2 in the top 3 centimeters of the sediment at each site. Overall, significantly higher concentrations of both pigments were found at Sites NM and SM as compared to Sites NS and SS (month pooled; p < 0.001). With the exception of the high value recorded on 25 April at Site SM (1211 ± 585 mg m -2 ), sediment chl a concentrations ranged between 100 and 600 mg m -2 during the study period at each site. Changes were significant at Sites NM (p < 0.05) and NS (p < 0.05), where the highest concentrations were found following foam accumulation in May and June, but were insignificant at Sites SM (p = 0.074) and SS (p = 0.122).
Benthic pigments
Similarly 
Macrofauna
A total of 35 species was identified from the core samples. The fauna was composed almost exclusively of polychaetes, mollusks and crustaceans, in various proportions depending on the site (Table 3) . Most of the numerically dominant taxa during the study period were estuarine species, such as Hydrobia ulvae, Macoma balthica and Pygospio elegans at Sites NM and SM, Bathyporeia pilosa and Cerastoderma edule at Site NS and Hediste diversicolor, Heteromastus filiformis and Macoma balthica at Site SS.
Two-way ANOVA conducted on data recorded from 4 April to 24 August (a common data set for each site) showed that values of community descriptors (number of species and total abundance of all species per sample) varied greatly with time (p < 0.001), with no significant differences among the sites (Table 4 ). The Shannon diversity results, however, were significantly influenced by both time and site (p < 0.001, Time; p < 0.01, Site).
Both sites located on the north and the south sides of the bay showed variations in number of species and the abundance of all species pooled, but these variations were different depending on whether the site was on the north side or the south (Fig. 7) . At Sites NM and NS, the number of species changed significantly (p < 0.001). This trend was characterized at both sites by a strong reduction in species numbers: on 14 May, 2 and 0.25 species on average (on 1/9 m 2 ) were recorded at Sites NM and NS respectively, versus 7 and 8.25 on 5 April. After a peak observed on 4 June at both sites, the number of species remained low (< 4 species) at Site NM and increased at Site NS, where the initial number of species was partially restored by the end of the sampling period. The significant change in total abundance at both sites (p < 0.001) appears consistent with variation patterns described for specific richness: after a rapid spring decrease, densities remained low throughout the season. The high densities recorded at Site NS on 4 April were mainly due to the presence of 2 species, Cerastoderma edule and Pygospio elegans, which rapidly disappeared. Changes in Shannon diversity were highly significant (p < 0.001) and consistent at both sites (Fig. 8) .
On the south side of the bay, at Sites SM and SS, stability in the number of species was the overall trend (Fig. 7) . No significant difference was detectable over the course of the sampling season at Site SM. Density, however, varied significantly (p < 0.001), increasing by a factor of 4 from 25 April to 13 June. At Site SS, despite a high variability from one month to the other, density varied consistently with species number. The overall stability recorded over the course of the sampling season was punctuated by one significant decrease on 4 June (p < 0.05). Shannon diversity changed significantly (p < 0.01) at both sites over the course of the sampling period (Fig. 8) . The SIMPER analyses indicated that 11 taxa contribute most to the dissimilarities between sites (cut-off 90%; Table 5 ). Since most of these taxa were generally present at all sites (Table 3) , differences between sites would appear to be the result of the variations in their relative abundance.
As shown by the clusters on the plot projections, assemblage structures were comparable and stable at SM and Table 4 . Results of a 2-way ANOVA used to test for site and time effects on the number of taxa, the number of individuals and the diversity among sites and times (macrofaunal cores were individually considered). ns: not significant, p ≥ 0.05; *p < 0.01; **p < 0. NM sites in the early spring (Fig. 9) . These structures began to change and were heavily differentiated as of mid-May, when large foam deposits began to form on the north side of the bay. Samples from Site NM became much more widely spaced in the ordination plane than those in the SM group, revealing that changes in the overall community structure and composition had occurred. ). At Site NM, the highest correlation (r = 0.718, BIO-ENV procedure) was obtained for the combination of organic matter and oxygen flux, while at Site NS, this correlation was based only on oxygen flux measurements (r = 0.227). At Sites SM and SS, the highest values were associated with the chl a content (r = 0.239) and the combination of organic matter, chl a and phaeopigment contents (r = 0.198).
DISCUSSION
The pronounced foam accumulation in the spring, followed by the subsequent decomposition that provokes hypoxia and increased sulphate-reduction activity, is a recurrent and dominant event on the eastern English Channel-North Sea coasts. The low grazing pressure exerted by copepods on Phaeocystis spp. (Gasparini et al. 2000 ) is likely to favour the sedimentation of algal cells or colonies ungrazed to the sea floor. Although deposits of algal matter in varying states of decay are presumed to represent the majority of the particulate organic material available to the benthos (Boon & Duineveld 1996) , these deposits may adversely affect benthic ecosystems. Our study is the first to investigate the effects of foam accumulation on the benthic habitat and its associated macrofauna.
The evidence regarding the effects of Phaeocystis spp.-derived material deposits observed at affected sites (NM and NS) are summarized in Table 6 . Although chl a and phaeopigments do not characterize Phaeocystis spp.-derived material, both pigment concentrations changed significantly over the course of the sampling period at Sites NM and NS, consistent with field observations of large accumulations of decaying remains of Phaeocystis spp. colonies (Fig. 6) . Unlike the toxic algal bloom of other Prymnesiophytes, such as Chrysochromulina polylepis or Karenia brevisulcata, which Olsgard (1993) and Wear & Gardner (2001) have respectively shown do not change the predominant sediment type pre-to postbloom, Phaeocystis spp.-derived material may profoundly change post-bloom grain size distribution. The resulting fine particle input (> 60%) observed at Site NM in May was significantly higher as compared to other sites, and was persistent over time. At Site NS, a major part of the sedimented phytodetritic material was resuspended by the turbulence generated by wind-waves and subsequently transported by tidal currents. Residual deposits, exposed to sunshine at low tide, developed impervious, heterogeneous distributed crusts. As a result of the rapid decomposition of decaying colonies, the organic content of the sediments at Sites NM and NS increased consistently, the presence of 50 Table 5 . SIMPER analyses results: average Bray-Curtis % dissimilarities among sites (bold) and the 5 taxa contributing most to dissimilarity (%).NS: north sand; NM: north mud; SS: south sand; SM: south mud. See Table 3 Table 6 . Main effects of foam accumulation on the muddy and sandy sediments of the Bay of Canche. NS: north sand; NM: north mud organics indicated by a single peak on sand and the strong, persistent enrichment of the mud. Subsequently, oxygen flux increased at Sites NM and NS. Although insignificant, these changes were the consequence of the enhanced aerobic and anaerobic mineralization rates that resulted from the presence of increased organic matter (Soetaerts et al. 1996 , Denis 1999 . This condition occurred despite the advanced degradation of particulate organic matter in the foam and its associated resistance to microbial degradation (Thingstad & Billen 1994) . The decomposition rate of the organic matter was high at Site NM, depleting oxygen resources during the degradation process (Bucci et al. 1992 , Millet & Guelorget 1994 . This depletion rapidly led to severe anoxic conditions, accompanied by a release of H 2 S from the bottom. The decrease rates of oxygen penetration in the sediment at Site NM from 3 May to 13 June were partly due to increased mineralization activity and the reduced solubility of oxygen as water temperatures increased (Rasmussen & Jorgensen 1992) . On the other hand, the sediment's recolonization by macrofauna and the bioturbation activity may facilitate oxygen penetration into sediment (Nilsson & Rosenberg 2000) . . During our survey, the oxygen flux variability observed at Site NM increased (2947 to 6294 µmol m -2 h -1 on 5 July) as a result of 'organic hotspots' produced by the small-scale spatial heterogeneity of foam distribution. At Site NS, the high concentrations of oxygen recorded downcore are due to the high permeability of the sediments and to the discontinuous character of the surficial crusts. Although lower, our average diffusive oxygen flux values (356 ± 524 µmol m -2 h -1 , Site NS; 495 ± 286 µmol m -2 h -1 , Site SS) are of the same order of magnitude as the overall oxygen flux values measured for intertidal sands in the bay of Somme (eastern English Channel, 500 to 1360 µmol m -2 h -1 ) with benthic chambers in the emerging sediments (Spilmont pers. comm.).
The macrobenthic assemblages were characterized by a small total number of species, with an overall low diversity and the strong dominance of a few of the existing taxa. The MDS analyses provided evidence that foam sedimentation influenced the macrobenthic assemblages on the north side of the bay. The development of anoxic conditions affected all taxa, and both the number of species and their abundance were simultaneously reduced. The most affected taxa at Site NM were Cerastoderma edule, Eteone longa and Pygospio elegans, and at Site NS were Bathyporeia pilosa, Eurydice pulchra and P. elegans. Reductions of abundance were either due to migration as presumed for amphipods and isopods, mortality as shown for C. edule that rapidly die when buried below 10 cm sediment depth (Jackson & James 1979) , or predation by waders. As reported by Everett (1994) during macroalgal blooms, we observed in foam accumulation areas that infaunal species such as bivalves (C. edule, Macoma balthica) and polychaetes (Arenicola marina, E. longa) were forced to the sediment surface in response to the development of anoxic conditions, increasing their chance of being eaten by waders (N. Desroy unpubl. data). Due to the increased accessibility of infauna by upward vertical migration, the combined presence of foam and predation can intensify the effects of each factor on benthic invertebrate densities. At Site NM, only the gastropod Hydrobia ulvae remained abundant during foam sedimentation. Since this species feeds on diatoms (Austen et al. 1999) , snails were able to migrate towards sites characterized by high biomass of benthic diatoms. The abundance of opportunistic species did not increase in the northern sites, whereas they were abundant on the south side of the bay (Site SM and SS), which is unusual in coastal systems after a succession of organic enrichments. A common community response to stress, after a short period of stimulation, is a reduction in the number of species, an increase in total abundance due to an increase in the opportunistic species, and a corresponding reduction in diversity (Pearson & Rosenberg 1978) . Similar situations with a reduction in both the number of species and their abundance, and the absence of opportunistic species, has already been described in studies of benthic faunal response to both heavy metal pollution (Rygg 1986 ) and toxic algal bloom (Olsgard 1993) .
Our results show that faunal recovery essentially depended on the spatial and temporal scales of the disturbance and the hydrodynamics of the area. An increasing current decreased the negative effect of organic enrichment, most likely by increasing oxygen concentrations in the sediment (Ford et al. 2001) . Sandy assemblages showed a quicker recovery as of July due to more suitable environmental conditions. The recovery at Site NS after the foam was resuspended by wind-induced waves was mainly due to Pygospio elegans, Bathyporeia pilosa and Eurydice pulchra. Many amphipods or isopods are highly mobile and can increase opportunistically in response to increased food supplies (Colan 1994) . At Site NM, the polychaetes Hediste diversicolor and P. elegans were the first settlers, but the high organic matter content recorded at the end of the summer suggested that, at that time, the habitat was not yet fully restored. Full recovery had still not occurred by the end of the year, as witnessed by the low numbers of species and individuals. Disturbed areas may take months or years to recover (Beukema et al. 1999) but there is still the possibility of initial and rapid colonization by opportunistic species that were previously not present or not abundant in a site. In the present study, there was no sign of an initial increase in diversity following disturbance. The lengths of organisms in samples indicated that recolonization was mainly due to the migration of adults from surrounding areas. Spring recruit mortality was partly responsible for this lack of faunal recovery following sedimentation. Although macroalgal detritus are assumed to induce larval settlement or to result in enhanced survival of newly settled infauna (Renaud et al. 1999) , the recruits observed on 4 June at Sites NM (Cerastoderma edule, Hydrobia ulvae, Macoma balthica and P. elegans) and NS (C. edule, E. pulchra and P. elegans) failed rapidly, maybe in response to hypoxic conditions. Observations directly relating the benthic faunal changes and nontoxic phytodetritus accumulations are lacking and no other comparable data sets are available. The closest similar event to foam accumulations is the proliferation of green macroalgae on intertidal flats, the effects of which can be either direct, due to physical interference with macroinvertebrate feeding behaviour (Raffaelli et al. 1991) , or indirect, due to changes in physico-chemical characteristics of the sediment (Hull 1987) .
Large amount of foam recurrently occurred at spring in the north side of the bay mainly in response to the dominant SW winds. Their persistence on depositional areas was variable from one year to another, mainly depending on winter storm intensity and on the colonization level by the polychaete Pygospio elegans. After a severe winter storm, part of the non-cohesive sediment layer deposed in spring and non colonized can easily be eroded, uncovering the original sediment and disturbing the recovery process. When densely colonized by P. elegans, sediment characterized by a higher level of physical stability was preserved from erosion. Macrofaunal assemblages that had been affected for several years had similar composition to preserved ones, but abundance of organisms remained low. The absence of long-term baseline data prevent us from quantifying environmental consequences of phytodetritus accumulation on a large time-scale. However, the recurrent disturbance involved a high level of variability in habitats and may preserve benthic assemblages in a juvenile stage.
In conclusion, the spring algal bloom dominated by Phaeocystis spp. had a widespread and profound impact upon the biological communities. Although the low-energy silty environment was impacted more severely than areas subjected to tidal or wind-induced turbulence, the effects documented here show that the effect of foam accumulation must be taken into account even when deposits are temporary or are limited in size, as is the case in the sandy sediments that predominate in the Canche Bay. In comparison, mudflats and depositional areas represented only 10% of the surface (i.e. 60 ha), and the sedimentation of Phaeocystis spp.-derived material leading to impoverished assemblages observed at Site NM primarily affects these depositional areas. Visual estimation showed that more than 50% of the sandy sediments were covered by foam, with the attendant disturbance of the benthic communities. These results will support the quantification of effects upon the community structure and dynamics on the scale of the eastern English Channel-North Sea intertidal area.
